A vapor-phase deposition approach to the silanization modification of the oxidized porous silicon ͑PSi͒ surface using ͑CH 3 O͒ 3 Si͑CH 2 ͒ 3 NH 2 has been exploited. Standard clean ͑SC͒-1 ͑NH 3 H 2 O / H 2 O 2 / H 2 O, 1:1:5,v/ v͒ and SC-2 ͓HCl/ H 2 O 2 / H 2 O ͑1:1:6,v/ v͔͒ solutions are utilized for the first time to obtain oxidized PSi and have been proved to be a very efficient combination for creating Si-OH species on the PSi surface. After the modification, an amine group terminated surface was successfully created as demonstrated by the contact angle with water, the x-ray photoelectron spectroscopy, and the Fourier transform infrared ͑FTIR͒ spectra. The influences of the surface derivatives on the composition stability of the PSi layer and on its photoluminescence properties were investigated by means of FTIR spectra, photoluminescence spectra, and time-resolved photoluminescence measurements.
I. INTRODUCTION
Porous silicon ͑PSi͒ is a material that has been known for more than 50 years. 1 It is usually formed by electrochemical etching in an HF solution under an anodic current. Primarily, it has found some use in microelectronics, especially in the silicon-on-insulator technology, as porous silicon becomes a good insulator after oxidation. 2, 3 In the 1980's, several studies of the optical properties of PSi were published and photoluminescence ͑PL͒ in the deep red/near infrared was detected at cryogenic temperatures. 4 The roomtemperature luminescence, which has been observed from PSi usually formed in a concentrated HF based electrolyte by Canham 5 in 1990, has attracted considerable attention because of its potential use in the development of silicon-based optoelectronic devices, 6 such as electroluminescent displays 7 and photodetector. 8 The porous structure and a relatively large surface area have also made the silicon an ideal matrix for immobilization of a variety of biomolecules including enzymes, 9 DNA fragments, 10 and antibodies. 11 The electronic or optical properties of porous silicon can also be used as the transducer of biomolecular interactions, thus qualifying its utility in biosensor applications. 12, 13 The devices fabricated with PSi have shown promise, owing to the ease of fabricating one-dimensional photonic crystals.
14 A significant benefit of biosensing with PSi photonic crystals is the labelfree transduction by optical interference ͑change in refractive index n within the film͒. 15, 16 Unfortunately, the instability of the underlying surface to aqueous environments has hindered the wide-scale employment of PSi for biological applications. 17, 18 Recent interest in PSi was focused on its use as a delivery vehicle for therapeutic agents such as ibuprofen 19 and insulin. 20 Central to the use of PSi as an effective drug delivery system is the need to find balance between passivation of the highly reactive native Si-H x surface species to minimize damage to the loaded molecule and control the release of the drug by erosion of the PSi matrix. 21 The freshly prepared PSi is covered with Si-H x ͑x =1-3͒ species; therefore, the composition changes easily by undergoing oxidization of the Si-H x ͑x =1-3͒ passivation layer by the atmosphere oxygen. 22 The composition changing results in the instability of the PL properties for the PSi which has been used as optical devices, while it reduces the reproducibility and the predictable binding signal for biosensor applications. 23 As a result, modification of the porous silicon surface appears highly attractive since it might provide a more stable surface which could be used as a tool, either for device applications or for the test of fundamental models aiming at explaining the mechanisms involved in the luminescence of porous silicon. 24 One strategy for achieving stability of PSi is to tether passivative ligands to the surface by reacting it with the silicon hydride covering freshly formed porous silicon, [25] [26] [27] but the stabilizing effect of the bulk silicon that leads to slow reaction kinetics hinders their use as surface modification agents. 28 As to silicon-based substrates, the most commonly used method for surface derivative is silanization, which generally occurs at the surface of SiO 2 . 29, 30 The Si-OH surface can be produced easily by the chemical oxidization using the surface OH as reaction moieties-a number of silanes with different terminated units can be tethered to the surface of the silicon by silanzation. 31, 32 However, no report has been found for the application of the similar chemical oxidization, which has been used for the bulk silicon, and consequently a silanization to the oxidized PSi ͑o-PSi͒ due to the competition between the surface Si-H x and the back Si-Si bonds of the as-prepared PSi. 33 In the present work, standard clean ͑SC͒-1 ͑NH 3 H 2 O / H 2 O 2 / H 2 O, 1:1:5,v/ v͒ ͑Ref. 34͒, which showed high efficiency in removing the hydride coverage on the as-prepared PSi surface, and SC-2 ͓HCl/ H 2 O 2 / H 2 O ͑1:1:6,v/ v͔͒, which improved the PL intensity of the o-PSi, were combined to produce o-PSi with OH-terminated surface, and a vapor-phase deposition process, which allows for substituting the hydroxide coverage on the o-PSi surface by silane monolayer such as ͑CH 3 O͒ 3 Si͑CH 2 ͒ 3 NH 2 , was exploited to create silane passivation layer. The influence of the modification on the stability and the PL of the PSi were also studied.
II. EXPERIMENTAL SECTION

A. Preparation of the fresh PSi
The PSi layer was made by anodically etching p-type Si͑100͒͑0.6-1 ⍀ cm͒ with 1:1 40% HF͑aqueous͒/ CH 3 CH 2 OH electrolyte in a Teflon cell. The counter electrode was a coiled Pt wire. The current density applied was 30 mA/ cm 2 for 10 min resulting in a porosity of about 70%.
B. Preparation of the o-PSi
An oxide layer, which is the necessary substrate for the subsequent silanization on the surface of the PSi, was introduced by chemical oxidization of the as-prepared PSi samples at 80°C first in a SC-1 solution 
C. The vapor-phase silanization
Silane-derivation on the surface of o-PSi was performed by a vapor-phase deposition process: the samples were suspended at about 8 cm above a refluxing ϳ10% ͑v/v͒ silane toluene solution for 4 h under an atmosphere of high-purity Ar, followed by rinsing with toluene and ethanol at room temperature and drying in a stream of high-purity Ar. Stability test of the o-PSi and the silanization modified o-PSi were performed by immersing the samples into a NaOH solution. Control experiments: ͑1͒ treating the o-PSi in an only pure toluene vapor at high temperature and ͑2͒ a liquid deposition process by directly immersing the o-PSi into a refluxing ϳ10% ͑v/v͒ silane toluene solution for 4 h under an Ar atmosphere, have been carried out. The Ru͑II͒ complexes cis-Ru͑bpy͒ 2 ͑CN͒ 2 , which has been used for quenching the PL of the PSi, was synthesized according to the documented literature.
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D. Characterization
Fourier transform infrared ͑FTIR͒ spectra were recorded with a Nicolet Magna 550 II spectrometer in transmission model at a spectral resolution of 4 cm −1 . X-ray photoelectron spectra were accumulated on a VG LABS5 multitechnique electron spectrometer system with an Al K␣ standard x-ray source and the binding energies were calibrated by C 1s to 285.0 eV. Contact angles were measured with a JJC-2 contact angle instrument ͑the fifth optical instrument Corp. of Chang Chun͒. The static PL spectra were acquired at room temperature by a Hitachi FL-4500 fluorescence photospectrometer with a 5.0ϫ 5.0 mm 2 slot, a 400 V photomultiplier tube, and a 350 nm wavelength filter. The samples were excited by a 345 nm line and the spectra were corrected for its wavelength dependencies. Luminescence decay data were obtained using a laser-induced fluorescence method. The excitation source is a Q-switched neodymium doped yttrium aluminum garnet laser ͑Quantel International YG 571C͒ with pulse-width of 10 ns and repetition rate of 10 Hz. The detector impulse response in this configuration is about 100 ns ͑into 50 ⍀͒. The samples were irradiated with 355 nm excitation, and the fluorescence signals were aggregated into a 0.6 m monochromator and detected using a R955 photomultiplier ͑Hamamstsu͒ directly. Emission data were averaged on a 500 MHz digital real-time oscilloscope ͑Tektronix TDS 620B͒, and the values of the lifetime were obtained by nonlinear curve fitting using the ORIGIN 5.0 software.
III. RESULTS AND DISCUSSION
A. FTIR spectra and x-ray photoelectron spectroscopy
The silanization
Traditionally, a pretreatment by oxidizing the silicon surface to introducing hydroxide coverage is indispensable for the silanization of silicon surface. The surface of the freshly prepared PSi is hydride-terminated, and its infrared spectrum displays a characteristic of surface Si-H x stretching modes at 2089 cm −1 for v͑Si-H͒, 2110 cm −1 for v͑Si-H 2 ͒, and 2197 cm
sor mode absorption is present at 908 cm −1 . 36, 37 There is also a weak Si-O signal around 1100 cm −1 due to the air oxidization during the dry and the detection of the asprepared PSi. 38 After the successive oxidation with SC-1 for 80 s and then by SC-2 for 4 min, the Si-H x vibrations in the asprepared PSi disappear, while the characteristic bands of Si-O appear in the ranges of 700-950 and 1060-1200 cm −1 , and a broad OH related stretching mode appears at about 3400 cm −1 ͑curve B͒, 38 which means a Si-O layer was formed on the surface of the chemically oxidized PSi and the surface is OH-terminated. The purpose of the combination of SC-1 and SC-2 is to obtain o-PSi with a pure oxide surface and also with intense PL properties. The details of their functions and the advantages of the SC-1 treatment will be discussed in the following subsection and then in the PL properties section, respectively. After the vapor-phase silanization modification of the SC-1/SC-2 oxidized PSi, the CH x vibrations at 2997, 2850, and 1480 cm −1 appear in the FTIR spectrum of the modified o-PSi ͑Fig. 1, curve C͒, and the weak NH 2 scissor mode absorption is also observable at 1570 cm −1 . The OH related peak at around 3400 cm −1 decreases due to the depletion of the OH species by the silanization. However, the FTIR spectrum of the sample treated in the similar condition without silanes shows no obvious changes after the only solvent treatment ͑the curve is not included in Fig. 1͒ . The comparison indicates the silanization has occurred on the OH-terminated surface of the o-PSi.
The x-ray photoelectron spectroscopy ͑XPS͒ survey further confirms that NH-terminated silanes were anchored to the surface of the o-PSi. The intense signal at 400 eV is measured in the XPS of the modified o-PSi ͑Fig. 2͒, which is assigned to the amine N 1s spectrum of the silanes.
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B. o-PSi derived from different methods
The famous "SC-1" ͓SC-1 , NH 3 34 A second SC-2 clean ͑RCA-2͒ is often used H 2 O 2 -HCl-H 2 O to further clean the surface by removing ionic and metallic contamination left behind by the conventional solvent and HF cleaning procedure. Although the twostep clean process is well known in the microelectronic industry for more than 40 years, the purpose of their application in our preparation are not for surface clean. Our studies show that the SC-1 is a much efficient chemical oxidizer for obtaining pure oxide layer on the surface of PSi than oxidizers such as HNO 3 , H 2 SO 4 SC-2, and oxygen. The efficiency and the advantages of the SC-1 solution has been demonstrated by the following series control experiments: The sample oxidized in air at 250°C for 8 min shows similar FTIR spectrum as the fresh one ͑see Fig. 3 , curve A and B͒, the difference is the Si-O signal around 1100 cm −1 increased slightly and a very weak ͑O͒ x Si-H y related peak at around 2251 cm −1 appears. The concentrated H 2 SO 4 treated sample shows intense ͑Si͒ x Si-H y ͑y =1-3͒ adsorption at around 2197 cm −1 and also very obvious ͑O͒ x Si-H y characteristic peaks at about 2251 cm −1 ͑curve C͒. The ͑Si͒ x Si-H y ͑y =1-3͒ related absorptions in the FTIR curve of the 20% HNO 3 treated sample became very weak ͑curve D͒, but the ͑O͒ x Si-H y related peak are observable at about 2251 cm −1 , however, the ͑O͒ x Si-H y residues can be easily removed by further treating the sample with SC-1 for 4 min ͑curve G͒. The SC-2 solution oxidized sample shows no ͑Si͒ x Si-H y ͑y =1-3͒ signal at around 2197 cm −1 , but an intense ͑O͒ x Si-H y ͑y =1-3͒ related peak at about 2251 cm −1 still remains ͑Fig. 3, curve E͒. It is similar to the 20% HNO 3 treated sample, the ͑O͒ x Si-H y residues in the sample derived from SC-2 treatment can also be easily removed by further treating the sample with SC-1 for 4 min ͑curve H͒. The sample derived from the H 2 SO 4 / H 2 O 2 mixture shows similar FTIR spectrum to that of the sample oxidized by the SC-2 solution ͑the curve is showed͒. Differently, the sample treated with SC-1 for only 80 s shows no ͑Si͒ x Si-H y ͑y =1-3͒ and ͑O͒ x Si-H y ͑y =1-3͒ related absorptions in its FTIR spectrum ͑Fig. 3, curve F͒, indicating the remarkable 
efficiency of SC-1 solution in removing the surface S -H x species. The advantages of the SC-1 in removing the surface Si-H x species and creating pure oxide layer can be explained by considering its compositional property and the reactivity of the fresh PSi thin layer. It is known that the hydrolysis of the SiH 4 molecule is difficult in pure water and diluted mineral acids but occurs very readily in base ͑more details on the Si-H properties, see contact angle section͒. 40 Numerous studies have shown that the properties of the Si-H x species covering the surface of silicon are very similar to that of the SiH 4 molecule. [41] [42] [43] The NH 3 ·H 2 O in the SC-1 solution provides an alkaline environment and promotes the hydrolysis of the Si-H x species on the surface of fresh PSi, and the H 2 O 2 sequential oxidizes the PSi surface in a very short time, forming the pure oxide thin layer and avoiding the back insertion reaction of the Si-H x , which usually takes place during the air oxidation of the asprepared PSi and forms the complicated ͑O͒ y Si-H x species on the o-PSi surface. The appearance of the ͑O͒ x Si-H y species in the o-PSi obtained by the other chemical methods, as shown in curves from B to E, Fig. 3 , is attributed to the oxygen back inset reaction in the fresh PSi layer. This can be rationalized by considering the bond energies of molecular Si species: Si-Si bonds of the inner silicon are weaker than Si-H bonds of the surface passivation species by about 100 kJ/mol. 44 Actually, the surface Si-H x can be completely removed with only SC-1 treatment at 80°C for 80 s ͑see Fig.  3 , curve F͒. Further treatment with SC-2 for 4 min introduces no observable change in the FTIR spectrum ͑curve G͒, but it can improve obviously the PL intensity of the o-PSi ͑please see PL properties section͒ and help to convert the Si-O − species into Si-OH, which is the OH − source for the consequent silanization reaction. Although in theory one could get some information about the OH species on the PS surface by analyzing the character of the SiO-H stretching band around 3400 cm −1 , the disordered structure of the PS layer makes this difficult.
IV. CONTACT ANGLE
The Si-H x species seem to behave as a hydride ͑H ⌰ ͒ donor in its properties and in the chemical reactions, and the hydridic reactivity of the Si-H x can be attributed to charge separation Si ␦+ -H ␦− that results from the greater electronegativity of H than of Si. 44, 45 The surface of the as-prepared PSi shows large contact angle value ͑Ͼ100°͒, indicating the strong hydrophobic properties ͑see Table I͒. The inability of water to wet the surface of H-terminated PSi indicates that the hydrogen atoms involved do not participate in hydrogen bonding interaction. The chemically oxidized PSi presents a much low contact angle with water ͑Ͻ10°͒, revealing its hydrophilic properties, which is consistent with its OH-terminated surface composition. It confirms further the FTIR results that the combination treatment first with SC-1 and then SC-2 is an efficient process to obtaining o-PSi with OH-terminated surface.
One of the advantages of the vapor-phase silanization is that it can result to a monolayer on the silicon surface since only the silane monomers can reach the silicon surface at the boiling temperature and have the chance to anchor on it ͑the silane polymer impurities have much higher boiling temperatures͒. After the modification by silanes, the contact angle of the o-PSi generally turns large, although different contact angles between 21°and 70°were obtained in literatures. 31, 32 It is believed that the large contact angles for NH 2 terminated silane films obtained by liquid-phase deposition may be attributed to the multilayer formation, and the exposure of the ankylene surface. 29, 46 In this work, we got a value between 30°-55°for the vapor-deposition modified o-PSi, which is very similar to that of the amino-terminated surface. 47 While the contact angle for o-PSi, which was treated only in refluxing toluene solvent, shows very close value to the pristine o-PSi; however, the o-PSi that was modified with a liquidphase deposition method shows much higher contact angle values, indicating the formation of thick silanes layers on the o-PSi surface. The formation of the thick silane layer on the o-PSi treated with a liquid-phase method can also be confirmed by direct observation of the PSi appearance, which looks to be covered with a milky thin film, while the vaporphase deposited o-PSi shows a clear surface. From the above comparisons, it can be ensured that the increase in the contact angle for the silane moieties modified o-PSi was induced by the silane units and was not caused by the solvent, while, the liquid deposition modification introduced a silane multilayer on the o-PSi surface, which indirectly confirms that an amino-terminated thin layer was formed by the vapor-phase deposition.
V. PL PROPERTIES
As discussed in the FTIR section, using only the SC-1 solution, one can get a SiO x covered PSi surface within 80s, however, its PL emission is relatively weak ͑curve B, Fig. 4͒ . By the successively treatment with a SC-2 solution for 4 min, the PL intensity of the o-PSi increases tremendously ͑curve C͒, however, they show identical FTIR spectra. The increase in the PL intensity after the SC-2 treatment can be explained as due to the reduction in the SiO x − species, which results from the silanol groups in a basic solution, on the surface of the o-PSi obtained from the SC-1 treatment. The SiO x − species can act as the trap of the excited electrons and then quench a part of the PL from the o-PSi. [48] [49] [50] After the SC-2 treatment, the SiO x − species were converted into silanol and the traps on the surface were reduced, improving the PL emission of the o-PSi. The silane modified o-PSi still keeps intense photoluminescent emission, but an observable intensity decrease and a blueshift in about 18 nm occurred after the silanization ͑curve D͒. The intensity decrease and the blueshift in the silane modified o-PSi indicated that the surface state plays a key role in the photoluminescent process, and the surface derivative causes the change in the states localized near or on the o-PSi surface. 24 However, the PL emission did not change for the o-PSi treated in the refluxing of toluene only, which confirmed that it is the silane moieties anchored on the o-PSi surface that caused the change in the PL but not the solvent. The results enunciate that the surface states or the surface derivative play the crucial role to the PL. 24, 48, 49, 51 It has been shown that the PL from the pristine o-PL can be easily quenched by adsorbing complex dye such as cis-Ru͑bpy͒ 2 ͑CN͒ 2 due to the energy transfer between them. 52 Curves A and B in Fig. 5 show the PL spectra from the o-PSi under the same UV excitation before and after the dye adsorption. It can be seen that the PL from the pristine o-PSi was quenched obviously, and about half of the PL intensity was lost. The PL of the silane modified o-PSi before and after the dye impregnation was described in Fig. 5 curves A and B, respectively. From the comparison one can see that the PL of the silane modified o-PSi was difficult to be affected by the complex dye.
For the pristine o-PSi, its surface was OH-terminated and the emitter centers are located near the surface of the o-PSi; [48] [49] [50] 53 therefore, the surface state can be easily affected by the absorbed dye molecules due to the close contact and the mutual interaction between them ͑see curves C and D͒, 52, 54 while the surface of the modified o-PSi is silaneterminated and the long silane chains on the surface of the o-PSi can act as the protective layer, preventing the close contact between the dye molecule and the o-PSi surface and interrupting the interaction between the emission states and the dyes. The protective effect of the silane layer on the o-PSi surface is also proved by the stability test of the modified samples ͑see stability test section͒. The protective effect of the silane moieties can extend the application of the o-PSi layer as the optoelectronic devices or biosensors, and also confirms indirectly the important role of the surface states or the surface derivative to the photoluminescenct emission. [48] [49] [50] [51] 55 The characteristics of the PLs from the pristine o-PSi and the silanization modified one were studied also in terms of the decay dynamics ͑panels a and b of Fig. 6͒ silanization modification, which means that the anchored silane moieties do not change the properties of the emission center. The intensity reduction in the static PL can be contributed to the partially quenching of the emission centers of those that are close to or on the o-PSi surface by the silane moieties.
VI. STABILITY TEST
The silicon particles and the SiO 2 layer of the PSi can be dissolved by concentrated NaOH aqueous solution and the PL will be quenched after immersion in base solution even for the oxidized PSi. 56 Here, the stability of the o-PSi and the silane modified o-PSi and their PL properties were studied after corroding the samples in an aqueous NaOH solution. Figure 7 shows the FTIR spectra of the pristine o-PSi and the silane modified sample before and after immersion in 1 M NaOH for about 3 h. From Fig. 7 one can see that even after immersion in 1 M NaOH for 3 h, the FTIR spectrum of the modified sample shows no obvious change in the C -H x stretching modes around 2900 cm −1 ͑curve C and D͒. This reveals that the silanes, these were bonded to the o-PSi surface by the vapor-phase deposition process, are very stable and the silane layer can protect the o-PSi layer from corrosion by base solution. On the contrary, the intensity of the Si-O x related bands between 700 and 950 cm −1 and between 1060 and 1200 cm −1 in the FTIR spectrum of the pristine o-PSi decreases obviously due to the corrosion of the o-PSi layer and the reduction in the layer thickness ͑curve A and B͒.
Panel ͑a͒ of Fig. 8 is the PL spectra of the modified o-PSi before and after immersion in a 1 M NaOH solution for 3 h, the PL was only slightly quenched, while the PL spectrum of the pristine o-PSi was quenched obviously after immersing the sample into a 0.1 M NaOH aqueous solution for 5 min ͓panel ͑b͒ of Fig. 8͔ .
The comparison of panel ͑a͒ with panel ͑b͒ shows that the PL stability is enhanced after the silanization modification. This result further demonstrates the role of the bonded silane to the stability of the modified o-PSi, and it will be very helpful for the PSi layers used as the electronic devices or sensor substrates in the cruel condition.
VII. CONCLUSION
SC-1 is an efficient solution for removing the Si-H x species and obtaining a pure oxide layer on the surface of freshly prepared PSi. The high efficiency is due to its compositional properties of the SC-1, which consists of both base and oxidizer. The base ingredient promotes the hydrolysis of the Si-H x passivation species and provides the oxidizer H 2 O 2 with an initial oxide layer, avoiding the competition reaction between the surface Si-H x and the inner Si-Si bonds. Consequently, the H 2 O 2 oxidizes the surface further smoothly, creating an OH covered o-PSi. The combination of SC-1 and SC-2 solutions has been demonstrated to be an efficient way for the rapid creation of an OH covered o-PSi with intense light emission and provides a surface for the subsequent silanization modification. An amino-terminated silanes layer on the chemically oxidized PSi has been successfully formed by a vapor-phase deposition silanization process. The advantage of the vapor-phase deposition is that it can avoid the multilayer deposition on the o-PSi surface. The silane layer formed on the surface of the o-PSi stabilizes the surface composition and prevents the PL being affected by the adsorbed dye molecules and the layer being corroded by the concentrated base aqueous solution, stabilizing the PL of the modified o-PSi. In short, the silanization derives the surface of porous silicon and allows the tailoring of its interfacial properties and provide protection against corrosion of aqueous solutions and the affect of the absorbed dye molecules. 
